Study Design Retrospective cohort study. Objective The U.S. Food and Drug Administration issued a warning in 2008 against offlabel bone morphogenetic protein (BMP-2) use. We aimed to determine (off-label) BMP-2 use in two periods and associations with complications.
Introduction
Recombinant human bone morphogenetic protein (BMP, specifically BMP-2), a growth factor capable of inducing the formation of new bone, is used in a significant part of the >400,000 spinal fusion procedures in the United States as an alternative to iliac crest bone graft (autograft). Since then, its use has been the subject of numerous small studies and several large-scale observational studies, fueling the debate on its safety and increased costs of hospitalization.
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Specifically, one study showed 85% of spinal fusions using BMP-2 were for off-label applications. 8 The most serious complications following BMP-2 use have been reported for anterior cervical spine surgery (e.g., airway compression), which resulted in the FDA issuing an official warning in 2008.
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Despite the multitude of studies, many small studies addressing off-label use and safety of BMP-2 are burdened by authors' conflicts of interest. 6, 11 Moreover, large-scale studies have not used the most recent data, 1,7-9 only included a subset of spinal fusions, 7, 9 or did not account for hospital variation. 1, 7, 9 Furthermore, the main effect of interest, BMP-2 use, was defined by International Classification of Diseases, 9th revision (ICD-9) codes that do not differentiate between BMP-2 and BMP-7 (Stryker Biotech, Hopkinton, Massachusetts, United States).
1,7-9
The latter is less often used and was approved by the FDA in 2001 for use as an alternative to recalcitrant long bone nonunions under a so-called "humanitarian device exemption." 12 Using a nationwide claims-based data set previously untapped for these studies while also containing more recent data, we therefore sought to determine (1) off-label use of BMP-2 and changes between two periods divided by the year of the FDA warning and (2) associations of its use with adverse outcome in the two periods while accounting for hospital-level effects (i.e., patients correlated to each other in the same hospital and variation across hospitals) by multilevel modeling.
Methods Data Source and Study Design
For this retrospective cohort study, we used the Premier Perspective database (Premier Inc., Charlotte, North Carolina, United States) containing hospital discharges for the period January 2006 to October 2012 for 20 to 25% of U.S. hospitals.
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The Premier Perspective database provides complete information on billing from a patient's hospitalization as well as information regarding ICD-9 Clinical Modification codes and Current Procedural Terminology codes. Standardized codes, such as ICD-9 and Current Procedural Terminology codes, are ascertained to be valid for the time period the patient record is reported. Demonstrating its potential, the Premier Perspective data set is used by an increasing number of study groups addressing a variety of clinical questions. 14 As the data set meets the requirements of deidentification as defined by the Health Insurance Portability and Accountability Act, it was exempt from consent requirements of our Institutional Review Board.
Study Sample
Following previous studies, we defined our cohort based on ICD-9 procedure codes. 
Main Effect of Interest
Our main effect of interest was the use of BMP-2, which was extracted from billing data because ICD-9 codes do not differentiate between BMP-2 and BMP-7. The main assumption is that BMP-2 use that was actually billed for provides an accurate estimate of its use. Measures of Off-Label Use of BMP-2
Additional Study Variables
Based on the FDA "Summary of Safety and Effectiveness Data" for BMP-2, we extracted the following variables depicting offlabel use of BMP-2: (1) spinal fusions other than the lumbar anterior segment/approach, (2) diagnosis other than degenerative disk disease, (3) 4 levels of fusion, (4) patients < 18 years, (5) malignant spine tumor, (6) pregnant women, (7) spinal abscess. The first four indicators were already included as study variables. Using ICD-9 coding, we were able to determine the presence of a malignant spine tumor (ICD-9 codes 192. 2, 192.3, 198.3, 198.4, 237.5, 237.6) , and patients likely to be pregnant at the time of surgery (ICD-9 coding from a previous study 18 ). However, due to nonspecific ICD-9 codes, we were not able to reliably determine the presence of a spinal abscess. An additional measure of off-label BMP-2 use is its use with an interbody cage other than the LT cage (Medtronic, Memphis, Tennessee, United States). However, because we were not able to specify the device used, we could not use this measure of off-label use.
Next to these so-called "absolute" off-label measures for BMP-2 use, we also studied variables related to the "Warnings and Precautions" section in the FDA documentation; the relative contraindications include: (1) women of childbearing age (15 to 45 years), (2) patients age 65 years, (3) patients with any malignancy, (4) patients with renal compromise, and (5) patients with liver compromise. These indicators were already included as study variables. 
Statistical Analysis

Univariable Analysis
Multivariable Analysis
Multilevel multivariable logistic regressions were performed to measure the effect of BMP-2 and the binary outcomes. The full study cohort was used for modeling the association between BMP-2 use and wound complications, combined medical complications, utilization of spine imaging, admission to an ICU, and 30-day readmission. A selection of the study cohort was used for modeling the association between BMP-2 use and revisions (each separately for cervical, thoracic, and lumbar spinal fusions) or dysphagia/hoarseness and emergency tracheostomy and intubation (in anterior cervical fusions). We used multilevel modeling as the data has a hierarchical structure (i.e., patients within hospitals). A random intercept was included to account for the variation between hospitals. The multilevel modeling allows us to take into account the variation between hospitals, in addition to prespecified variables such as hospital teaching status, size, or rural/urban location.
To stratify by period, every model included an interaction between BMP-2 and period (either 2006 to 2008 or 2009 to 2012). All models were adjusted by all demographic, procedure, and health care-related covariates that were associated with BMP-2 use in the univariable analyses (p < 0.15), which were age, gender, race, smoking status, insurance status, hospital location, hospital bed size, hospital teaching status, procedure diagnosis, segment/approach of fusion, number of vertebral levels fused, use of an interbody device, DeyoCharlson Index, and obesity. Adjusted odds ratios (ORs), 95% confidence intervals (CIs), and p values are reported. CIs and p values were adjusted for multiple comparisons using the Bonferroni correction due to the interaction. Analyses were performed in SAS v9.3 statistical software (SAS Institute, Cary, North Carolina, United States).
Results
The study sample consisted of 340,393 cases of elective primary cervical, thoracic, and lumbar spinal fusions from 418 hospitals. 
Univariable Results
Overall
n (%) n (%) n (%) n (%)
Discussion
Utilizing a specific and conservative indicator of BMP-2 use in a nationwide claims-based data set, largely untapped in spine research, our study shows a steady decrease in rates of overall and off-label use of BMP-2 in spinal fusions in the United States. Most notably, the decrease was observed in cervical spinal fusions. We further demonstrated a tendency of The decrease in BMP-2 use may reflect the mounting evidence on its association with increased risk of complications, as noted in the high-profile study by Cahill et al using data from over 300,000 patients.
1 It showed BMP-2 use in anterior cervical fusions to be associated with a >60% risk in wound-related complications and dysphagia/hoarseness (OR 1.67; 95% CI 1.10 to 2.53 and OR 1.63; 95% CI 1.30 to 2.05, respectively). We also found significantly increased adjusted odds for wound-related complications after BMP-2 use versus no BMP-2 use in the overall group of spinal fusions (►Table 4). Another important event that may have played a major role in the decrease of BMP-2 use is the official warning issued in July of 2008 in which the FDA warned against BMP-2 use in treatment of cervical spine conditions and recommended alternative treatments for these patients or enrollment in approved clinical studies.
10 This warning followed from at least 38 events of complications reported after BMP-2 use in cervical spine fusion in the previous 4 years. Similar to cases reported in the literature, these complications were associated with swelling of neck and throat tissue, which resulted in compression of the airway and/ or neurologic structures in the neck.
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Next to these two significant events in the period since BMP-2 approval, there has also been an active discussion in the literature on authors' conflicts of interest in studies on the safety of BMP-2 use. 5, 11, 21, 22 In 2011, Carragee et al compared industry trial results with those submitted to the FDA. 11 They showed that multiple industry-sponsored clinical trials studying BMP-2 use in spinal surgery underreported the rate of adverse events, even stating that the actual risk of adverse events for patients receiving BMP-2 was 10 to 50 times higher than reported in the industry-sponsored studies. Independent from this critical review and with better access to original study data, Rodgers et al came to similar conclusions.
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These developments highlighted the discussion on the safety of BMP-2 and substantially focused on adverse events after cervical spinal fusions, which in turn might have led to Medtronic, BMP-2's manufacturer and main sponsor of early trials. The main aim was to perform a rigorous systematic review and evidence synthesis to determine safety and effectiveness of BMP-2. Medtronic provided all relevant patient-level clinical trial data to be included in this endeavor. Although the first meta-analysis concluded BMP-2 increased fusion rates, modestly reduced pain, and increased early postsurgical pain, the second meta-analysis stated BMP-2 had no proven clinical advantage over bone graft and may be associated with important damage or injury. Thus, the challenge of identifying patients who are expected to benefit the most from the use of BMP-2 remains. Future studies that address this question should result in clearly defined patient selection criteria focusing on patients in whom the benefits of using BMP-2 exceed the potential harms. Despite the overall decrease in rates of BMP-2 use, we still observed substantial off-label use of BMP-2. Most notably, 85 to 87% of procedures that used BMP-2 were performed in nonanterior lumbar fusions. This percentage is similar to that reported previously in a large-scale study using data from 2002 to 2007. 8 Although infrequent, of particular concern is the use of BMP-2 in patients with malignancies, because there is ongoing debate in the literature on the risk of novel neoplasms after the use of BMP-2. 4,26 Also, further research is needed on effectiveness and safety of BMP use (and its showed that the use of BMP-2 was associated with a more than $13,000 increase in COH. 15 Our study showed similar differences in costs in the univariable comparisons (►Table 3). Although the costs of BMP-2 itself have to be taken into account, along with likely confounding by procedure complexity and patient factors, this increase in overall costs might be related to indirect costs following from BMP-2 use (e.g., concerning its association with complications). However, the issue of cost-effectiveness is debated as some older and smaller studies resulted in conflicting conclusions. 29, 30 Furthermore, the data on true cost of care, which would include the need for revision surgery in the setting of pseudarthrosis, is elusive on a large scale.
The main strengths of our analysis include the usage of recent data, the ability to show time trends, and the adjustment for hospital variation in the multilevel models. In addition, unlike all previous large-scale studies on BMP-2 associations with adverse outcomes, we were the first to specifically identify BMP-2 use from billing data as opposed to studies using ICD-9 codes, which could comprise both BMP-2 and BMP-7. 1, 7, 9, 15 This approach might have affected the results in these studies as some evidence suggests differential tissue reactions for both types of BMP. 31 Moreover, we observed that of the overall BMP use identified by ICD-9 coding, 55% was BMP-2 defined from billing definitions. This finding indicated ours to be a more conservative estimate of BMP-2 use compared with ICD-9 coding. Interestingly, in a previous study looking at 57 Medicare patients identified as having received BMP-2 by ICD-9 coding, chart review revealed a positive predictive value of 100% (all cases were confirmed to have received BMP-2). 32 We can only speculate what causes this discrepancy; however, as the number of studies on this topic is increasing, a study geared toward additionally validating ICD-9 coding or billing data for BMP-2 use (preferably multisite and all-payer) would greatly further this discussion. Moreover, the creation of a multisite registry geared toward the issue of BMP-2 safety might be of additional benefit. Another strength of the current study pertains to the fact that compared with previous studies, 8 we were able to broaden the discussion on off- label use by using relative contraindications for BMP-2 use in addition to the more often mentioned absolute measures of off-label use. Our study is burdened by several limitations. First, and most importantly, we utilized data from an administrative database, and detailed clinical information is missing. Examples are the instrumentation and use of grafting material, dosing, bone density, use of corticosteroids, the indications for revision surgery, and the apparent undercoding of dysphagia, which has been shown to have a positive predictive value of 94% but a negative predictive value of only 13%. 23 However, we do expect the undercoding to be similar across treatment groups. The use of administrative databases has several advantages, including (1) the rare availability of detailed and large-scale information on use of medications and medical devices allowing for analyses of this type and (2) the possibility to look into safety concerns regarding the incidence of rare complications. Moreover, as opposed to the highly selective patient population from clinical trials, administrative databases provide information from a wide range of hospitals and patients, thus representing actual practice settings. Second, although we adjusted for many important covariates in our models while also accounting for correlation of patients within hospitals, residual confounding remains, which may partly be caused by the lack of information on both the drivers for the use of BMP-2 and the indication for revision surgery. We expect the choice for BMP-2 to depend on numerous factors including severity of underlying disease, insurance approval, local hospital policies, or surgeon or patient preferences. These factors in turn may vary greatly between hospitals and even surgeons, which further stresses the need for studies looking into the current drivers of the choice to utilize BMP-2. The multilevel model may account in part for interhospital differences because it adjusts for unspecified effects on the hospital level (of which hospital-specific decision making regarding BMP-2 practice should be part). Next to lack of information on the drivers for BMP-2 utilization, residual confounding could also be caused by insufficient adjustment for surgical complexity, which we expect to be related to the decision for the use of BMP-2. However, we have tried to (partially) account for this observation by adjusting for diagnosis, use of an interbody device, and the levels of fusion. Although not a complete measure of case complexity, we expect a fair capture of the complexity with these variables. Finally, we were not able to reliably gather information about the use of BMP-2 on previously mentioned long-term effects (e.g., neoplasms or retrograde ejaculation), which is also important in determining effectiveness and safety. 6, 33 For example, we did not find an increased risk for retrograde ejaculation after anterior lumbar spinal fusion (data not shown), which was found to be the only significant complication associated with BMP-2 use in a recently published review.
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Conclusions
In conclusion, using nationwide population-based data and a specific and conservative indicator of BMP-2 use, our study shows a steady decrease in rates of overall and off-label use of BMP-2 in spinal fusions in the United States. Although associations with increased resource utilization and adverse outcomes remain, most outcomes have been positively affected, possibly due to increased awareness that might have led to changes in practice (e.g., in patient groups at high risk for complications such as patients undergoing anterior cervical fusions). This data might add to the current discussion on the adverse outcomes associated with BMP-2 use in spinal fusions as an alternative to iliac crest bone graft. A comprehensive evaluation of BMP-2 on clinical effectiveness, cost-effectiveness, and safety will require ongoing prospective studies or the creation of a multisite clinical registry with long-term follow-up of these patients.
